Stimulated Raman adiabatic passage (STIRAP) is now a standard technique of coherent state-to-state manipulation for many applications in physics, chemistry, and beyond. The adiabatic evolution of the state involved in STIRAP, called adiabatic passage, guarantees its robustness against control errors. However, the applicability of STIRAP is limited by the problems of low efficiency and decoherence. Here we propose, and experimentally demonstrate, an alternative approach, termed stimulated Raman "user-defined" passage (STIRUP), where a customizable state is employed for constructing desired evolutions to replace the adiabatic passage in STI-RAP. The user-defined passages can be flexibly designed for optimizing different objectives for different tasks, such as minimizing leakage errors. To experimentally benchmark its performance, we apply STIRUP to the task of coherent state transfer in a superconducting Xmon qutrit. We verified that STIRUP can complete the transfer at least four times faster than STIRAP with enhanced robustness, achieving a fidelity of 99.5%, which is highest among all recent experiments based on STIRAP and its variants. In practice, STIRUP differs from STIRAP only in the design of driving pulses; therefore, most existing applications of STIRAP can be readily implemented using STIRUP with a potential improvement in performance.
Introduction.-Stimulated Raman adiabatic passage (STI-RAP) was originally proposed for coherent population transfer between two uncoupled or weakly coupled quantum states, via an intermediate state and two radiation fields [1] [2] [3] . It is immune to loss through spontaneous emission of the intermediate state, and the adiabaticity guarantees its robustness against fluctuations in control parameters [4] . Due to such advantages, STIRAP and its many variants have quickly evolved into general methods of quantum manipulation beyond the original usage for state transfer, and found wide applications in many subfields of physics [5] , chemistry [6] , and engineering [5, 7] . One particular field is quantum information processing, where STIRAP has been proposed and demonstrated for implementing quantum gates [8] [9] [10] [11] [12] [13] [14] [15] [16] , state preparation and transfer [17] [18] [19] [20] [21] , quantum computation in extended Hilbert space [22, 23] , quantum memory [24, 25] , and so on. However, the demand of high precision and fidelity in this field, as well as in other fields where STIRAP may find potential applications [5] , poses great challenges to the original format of STIRAP. In particular, its requirement of adiabaticity leads to two issues. Firstly, the efficiency or fidelity can only asymptotically approach unity. Secondly, a slow passage is undesirable since decoherence is ubiquitous.
Existing solutions of these issues include, for example, pulse shaping [26, 27] , composite STIRAP [28] , and shortcut to adiabaticity (STA) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . The former two methods target at reducing nonadiabatic losses by using precise and complex pulse engineering and thus sacrifice some of the major advantages of STIRAP: its simplicity and immunity to fluctuations in control parameters. STA represents a family of schemes aiming at accelerating adiabatic processes, including the original counterdiabatic driving [33] [34] [35] [36] [37] and more sophisticated ones constructed via dressed states [38, 39] or dynamical invariants [40] . The essential idea of counterdiabatic driving is to use an auxiliary drive to recast adiabatic paths. It requires a direct coupling between the initial and final states, which limits its application in many systems. On the other hand, methods based on dressed states or dynamical invariants can avoid such requirement of direct coupling, but finding representations of dressed states or constructing proper dynamical invariants may become rather complicated, especially for high-dimensional quantum systems. These issues motivate us to search for alternative ways of improving STIRAP.
Here, we propose and experimentally demonstrate a new scheme of quantum control, termed stimulated Raman userdefined passage (STIRUP), as a generalization of STIRAP. Instead of optimizing STIRAP via incremental and local modifications of its pulses, the new scheme realizes any specified quantum control via user-defined passages obtained by directly engineering parameterized solutions of the Schrödinger equation, without relying on indirect means such as auxiliary drives, dressed states, or dynamical invariants. It therefore represents a more general and flexible protocol of designing quantum control.
For an experimental demonstration, we used the STIRUP protocol to realize a coherent population transfer from the state |0 to |2 in an Xmon-type of superconducting qutrit. Given the zero coupling between the two states [41] , STIRAP is a natural choice for such transfer [19] [20] [21] . However, for further improvement via nonadiabatic passages, this zero coupling, together with the weak anharmonicity of the system, make existing STA-based acceleration schemes not directly applicable here. Indeed, experiments using nonadiabatic passages were reported only recently [37, 42] , using three microwave pulses with one serving as a counterdiabatic driving. Our new approach uses two simple microwave pulses to complete the state transfer with high efficiency (more than four times faster than STIRAP) and fidelity (>99.5%), and arXiv:1912.10927v1 [quant-ph] 23 Dec 2019 enhanced robustness against experimental errors.
Setting the stage.-Let us consider a multilevel system under two external drives with time-dependent amplitudes, Ω P (t) and Ω S (t), as shown in Fig.1(a) . Under the rotatingwave approximation, the Hamiltonian of this driven system reads H 0 (t) = 1 2 [Ω P (t)|0 1| + Ω S (t)|1 2| + H.c.]. One of its three eigenstates, |Φ 0 (t) = cos θ(t)|0 + sin θ(t)|2 (tan θ(t) = Ω P (t)/Ω S (t)), is a dark state that is dynamically decoupled from system evolution since the corresponding eigenenergy is zero. The STIRAP scheme uses this dark state to realize a coherent population transfer from state |0 to |2 by evolving the mixing angle θ(t), without populating state |1 [5] . In order to keep the system stay in the dark state, θ(t) must be varied adiabatically to avoid transitions to other eigenstates of H 0 (t), therefore the term "adiabatic passage" in the name of STIRAP.
In the following we generalize STIRAP to a broader scheme of quantum control beyond state transfer that offers flexibility of designing customized passages and capability of incorporating various optimization methods. For this purpose, we note that the solution of the corresponding Schrödinger equation, i ∂ ∂t |Φ(t) = H 0 (t)|Φ(t) , can be generally parameterized as (up to a global phase; see the SM for a detailed derivation):
With such parameterization, any specific manipulation involving the three states can be realized by tuning the timedependent parameters of γ, β, φ 1 , and φ 2 via the two external drives. To see this, one inserts Eq. (1) into the Schrödinger equation and obtains (see Supplemental Material (SM) for details)
,
where the control parameters are chosen as
Here η(t) and γ(t) are fully determined by G(t) and β(t). Therefore, the realization of any specific manipulation of quantum states is translated into as design of Ω P (t) and Ω S (t), namely, user-defined passages.
We emphasize that, unlike STIRAP and many of its variants, the protocol introduced here does not impose any restriction (e.g., being adiabatic) on the temporal dynamics of the underlying evolution. Rather, it relies on directly engineering parameterized solutions of the Schrödinger equation. Therefore, it is a general protocol that can reproduce the outcomes of all other methods by designing different passages (see SM Section I and II). For instance, our protocol automatically generates the STIRAP if the adiabatic condition is satisfied. Under this condition, it can be shown that |Φ(t) becomes an instantaneous eigenstate of H 0 (t) of zero eigenenergy (dark state), and Eq. (2) reduces to Ω P = Ω 0 sin β(t) and Ω S = Ω 0 cos β(t), which are one set of pulses that can realize STIRAP. |0〉
Tran sfer As a demonstration of STIRUP, we now discuss an exemplary implementation using superconducting quantum circuits (see Fig.1(c) ). In particular, we consider a state transfer process from |0 to |2 in an Xmon-type of superconducting qutrit. To the first order of approximation, this specific system can be viewed as an anharmonic oscillator, with an anharmonicity about one order of magnitude smaller than its characteristic frequency. Such a small anharmonicity renders the Hamiltonian H 0 (t) introduced above insufficient to describe an Xmon qutrit driven by two microwave pulses. Additional terms describing cross coupling and leakage to higher excited energy levels must be added to H 0 (t):
Here we only consider the leakage to state |3 , and α is the anharmonicity of the Xmon defined as the difference between the lowest two frequencies of transition: α = f 12 − f 01 . With such additional contribution, the pulses designed based on Eq.
(2) (obtained for H 0 (t)) no longer give proper passages for the desired transfer. Indeed, numerical simulations indicate that the transfer process using such pulses exhibits a strong oscillatory behavior towards the end, which leads to ambiguity in evaluating the transfer efficiency (see the "STIRUP" curve in Fig.2(a) ). Such oscillatory behavior is due to the cross coupling and leakage discussed above. In the following we demonstrate that by modifying the pulses designed based on Eq. (2) using certain optimizations, one can effectively Simu.
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(c) suppress these unwanted effects and achieve the desired state transfer with high efficiency and fidelity. Two different ways of optimization are investigated. In the first one, we adapt the method used in Ref. [26, 43] for optimizing the STIRAP process. In the second one, we extend the standard method of derivative removal by adiabatic gate (DRAG) for a three-level system to include even higher excited states [44] [45] [46] . In both optimizations, we use a master equation approach and run numerical simulations to optimize the overall fidelity of the state transfer process. Both optimized and unoptimized pulses (hereafter referred to as STIRUP-OP, STIRUP-DRAG, and STIRUP, respectively), together with those used in the STIRAP process, are compared in Fig. 1(d) . Further details of pulse design and optimization can be found in SM. With such optimizations, the oscillatory behavior mentioned above can be suppressed to a large extent. The transfer efficiency can now be determined to be 99.8% and 99.5% for the two optimizations, respectively ( Fig.2(a) ).
Experimental results and analysis.-All data reported in this work were acquired on one Xmon qutrit, and similar results were reproduced on other samples. The characteristic frequencies of the qutrit used here are around f 10 = ω 10 /2π = 5.208 GHz and f 21 = ω 21 /2π = 4.958 GHz. The relaxation and dephasing times are T 10 1 = 4.82 µs, T 10 2 = 5.06 µs, T 21 1 = 5.96 µs and T 21 2 = 2.55 µs, respectively. External microwave drives are applied to the qutrit through an XY control line. The qutrit is capacitively coupled to a resonator of quarter-wavelength (ω r /2π = 6.68 GHz, with a coupling strength around 40 MHz), which is in turn coupled to a transmission line. The state of the qutrit can be deduced by measuring the transmission coefficient S 21 of the transmission line using the dispersive readout scheme. Further details of the sample and measurement setup can be found in SM.
To characterize a state transfer process following a specific passage, we measure population of the three levels of the qutrit as a function of time. Figure 2(b) shows a typical data set for the case of the STIRUP-OP passage. The qutrit is initialized to state |0 , and the pulse shown on the third panel of Fig. 1(d) is applied. Within 44 ns, the population of state |2 rises to above 99%, accomplishing a fast and high fidelity transfer from state |0 to |2 . The experimental data are in good agreement with the numerical simulation. Figure 2 (c) compares the efficiency of transfer (i.e., population of |2 ) as a function of time for two different processes. For the STI-RAP case, the maximum transfer efficiency (about 96%) is achieved at around 150 ns, whereas the STIRUP-OP passage can reach the same efficiency within 34 ns. Such acceleration helps minimize losses due to spontaneous emission from excited levels. As a result, the STIRUP can still achieve high fidelity even though the population of the intermediate state is nonzero during the transfer, unlike in STIRAP where a dark state is used for transfer and there is no occupation of the intermediate state during the whole process. Another point we want to emphasize is that while the STIRUP passages used here do not specifically target at accelerating the adiabatic passage, like those STA-based variants of the STIRAP, they nevertheless accomplish the same goal.
Next, We investigate the robustness of different protocols against systematic and random experimental errors. In Fig. 3 , the transfer efficiencies of five passages against the error in the Rabi frequency η p,s are compared to each other. η p,s is defined asΩ P,S = (1 + η p,s )Ω P,S , whereΩ P,S and Ω P,S are actual and expected values of the Rabi frequency, respectively. For the resonant Rabi (RR) method [47, 48] , two identical π pulses in the form of Ω P,S = Ω 0 sin β(t) are applied. The RR scheme is often used to benchmark protocols of state transfer as well as certain quantum gates. The STIRUP-OP process has the best robustness in transfer efficiency against the error, larger than 92% in the range of 0.8 ∼ 1.2Ω P,S . Overall, the STIRUP-OP passage is superior to the RR scheme, the STIRAP cases (both original and accelerated forms), and the STIRUP-DRAG passage, in terms of both robustness and optimal transfer efficiency. We have also investigated, both numerically and experimentally, the effect of detuning in the pulse frequencies on the transfer efficiency of different methods. Figure 4 plots the transfer efficiency as a function of the two detunings defined by δ 1 = ω d1 − ω 10 and δ 2 = ω d2 − ω 21 (ω d1 and ω d2 are frequencies of the two external drives, see Fig. 1(a) ). The two methods using our optimization show similar performance. In both cases, the transfer efficiency is quite robust against the two detunings as long as their sum is kept near zero (i.e., the two-photon resonant condition is approximately held). Contours of the transfer efficiency can be easily identified on the experimental data, and are in reasonable agreement with the numerical simulations (see SM for a comparison). Overall, the RR and the adiabatic passage cases exhibit less robust performance against the detuning errors. Moreover, we have also run numerical simulations to compare our protocols to the scheme of STIRAP accelerated by a counterdiabatic driv-ing [37] , and found a better robustness in the transfer efficiency against experimental errors for our protocols (see SM).
In summary, we have proposed and demonstrated STIRUP as a new protocol for quantum control. In this protocol, userdefined passages for realizing any specified quantum control are constructed via direct engineering of parameterized solutions of the Schrödinger equation. As a demonstration of the protocol, we realized a coherent population transfer from the state |0 to |2 in an Xmon superconducting qutrit. Our scheme uses only two simple pulses, and can achieve a high fidelity (>99.5%) in an efficient way, with excellent robustness against experimental errors. Performance wise, STIRUP is superior to existing methods in precision, efficiency, and robustness. In terms of simplicity, designing STIRUP pulses is rather straightforward, avoiding the complexity in various STA-based schemes. Such advantage of STIRUP becomes even more prominent for quantum control in systems of higher dimensions [49] .
Although in this work a state transfer process in a threelevel system is used to demonstrate the protocol, it can be generalized for more sophisticated applications. For example, some of the authors of this work have shown theoretically that STIRUP can be used for state transfer and one-step generation of entanglement in multi-level systems [49] . In both cases, STIRUP achieves a significant improvement, in terms of precision, efficiency, and robustness, against STIRAP and other conventional methods. Besides quantum information processing, STIRUP may also find applications in other fields, such as precision measurement [50] , where the original STIRAP fails to deliver the high fidelity demanded. In general, we expect that STIRUP can replace STIRAP for most applications, while deliver enhanced performance in most cases.
The essential idea of STIRUP does not depend on assumptions specific to particular systems, so it should be readily implementable on other platforms. In the current work, STIRUP needs to be optimized to eliminate the cross coupling and leakage errors prevailing in Xmon type of superconducting devices, due to their relatively small anharmonicity. It therefore should be expected that on other platforms with larger anharmonicity, the application of STIRUP could be even more straightforward. Meanwhile, there always exists the flexibility of incorporating optimizations designed for specific systems. 
